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Abstract
Anthrax toxin, secreted by Bacillus anthracis, consists of three monomeric proteins that assemble after secretion from the bacterium into toxic hetero-oligomeric complexes. These proteins are: Protective Antigen (PA; 83 kDa), Lethal Factor (LF; 90 kDa) and Edema Factor (EF; 89 kDa).  LF and EF are the catalytic moieties, which have intracellular targets within mammalian cells, while PA delivers these catalytic molecules (LF and EF) to the cytosol.  EF is an adenylate cyclase and together with PA forms a toxin referred to as edema toxin that causes cellular edema due to increase in intracellular cAMP levels.  LF and PA together form a toxin termed as lethal toxin which is lethal to mammalian cells and causes death of cultured mammalian cells by a yet unknown mechanism.  These three proteins are individually non-toxic. 
PA, a monomeric 83 kDa protein, binds to the cell-surface receptor on mammalian cells and is activated by cellular endoproteases such as furin.  The resulting N-terminal 20 kDa fragment is released into the extracellular milieu and plays no further role in the intoxication process.  The receptor-bound 63 kDa fragment (PA63) manifests certain properties which are not found in the native protein.  PA63 binds LF and oligomerizes to a ring-shaped heptamer.  In the endosome, acidic pH triggers membrane insertion by PA63 and subsequent translocation of LF into the cell cytosol.  X-ray diffraction analysis of PA revealed the presence of a pair of adjacent calcium ions coordinated to a variant of EF hand motif in domain I.  The exchange of intrinsic calcium ions with extrinsic labeled calcium ions is very slow indicating that these ions are tightly bound to PA.  However, the biochemical properties and structural transitions of protein in Ca2+ ion bound and unbound state have not been studied in detail. 
The present study was undertaken to delineate the role of calcium with an assumption that calcium might be providing PA a conformation, required for its specific activation and biological activity.  The role of calcium ions in the biological activity and structural stability of PA was investigated by proteolysis, spectroscopic analysis, denaturation studies and mutational analysis.  On comparing PA and apo-PA it was found that binding of calcium provides stability to PA, as evident by the enhanced susceptibility of apo-PA towards proteases like trypsin and chymotrypsin.  The binding and removal of calcium was associated with detectable conformational changes in the molecule as seen by intrinsic tryptophan fluorescence and CD studies.  In order to study the role of calcium binding residues, PA mutants with single, double and triple point mutations were constructed.  The mutated PA proteins were unstable with drastically reduced activity suggesting the critical role of calcium binding region of domain I in protein assembly and initial folding.  We hypothesize that the binding of calcium ions and protein folding may occur as a concerted mechanism or may involve unstable intermediates.  The urea denaturation studies of PA showed a typical biphasic curve suggesting the presence of an intermediate in the unfolding of PA at 2-M urea.  Furthermore, proteolysis and spectral studies of this intermediate suggested that apo-PA may be an intermediate in the unfolding pathway of the protein.
We next examined the effect of acidic pH on the unfolding of PA.  The pH plays an important role in the PA mediated delivery of LF and EF into the cytosol of mammalian cells.  PA is able to insert into phospholipid bilayers and cell membranes to form ion-permeable channels in a pH-dependent fashion.  Macrophages pre-treated with agents, which elevate the endosomal pH are protected from the effect of lethal toxin.  Internalization of LF is experimentally blocked by incubation at 4˚C, whereas acidifying


Protective antigen (PA) is the central receptor binding
component of anthrax toxin, which translocates catalytic
components of the toxin into the cytosol of mammalian cells.
Ever since the crystal structure of PA was solved, there have
been speculations regarding the possible role of calcium ions
present in domain I of the protein. We have carried out a systematic
study to elucidate the e¡ect of calcium removal on the
structural stability of PA using various optical spectroscopic
techniques, limited proteolysis and mutational analysis. Urea
denaturation studies clearly suggest that the unfolding pathway
of the protein follows a non-two state transition with apo-PA
being an intermediate species, whereas the folding pathway
shows that calcium ions may be critical for the initial protein
assembly

Acidic pH plays an important role in the membrane insertion of protective antigen (PA) of anthrax toxin leading to the
translocation of the catalytic moieties. The structural transitions occurring in PA as a consequence of change in pH were investigated
by .uorescence and circular dichroism measurements. Our studies revealed the presence of two intermediates on-pathway of
acid induced unfolding; one at pH 2.0 and other at pH 4–5. Intrinsic .uorescence measurements of these intermediates showed a red
shift in the wavelength of emission maximum with a concomitant decrease in .uorescence intensity, indicative of the exposure of
tryptophan residues to the bulk solvent. Furthermore, no signi.cant change was seen in the secondary structure of PA at a pH of
2.0, as indicated by far UV–CD spectra. The low pH intermediate of PA was characterized using the hydrophobic dye, 8-anilino-1-
naphthalenesulfonate, and was found to have properties similar to those of a molten globule state.

